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ABSTRACT 

The analysis of the (I-+4)-cY-D-ghrcopyranosyl transfer-products from some 

linear and cyclic substrates by quantitative h.p.1.c. illuminated the mode of action 

of the cyclodextrin glycosyltransferases {( I&4)-cy-D-giucan:[( l&4)-a-D-ghrco- 

pyranosylltransferase (cyclising), EC 2.4.1.19} from Klebsielfu pneumoniae M 5 al 

and Bacillus maceruns. D-Glucopyranosyl transfer, obligatory for maltose (poor 

substrate), was preferred for maltotriose (good substrate). The lengths of linear di- 

sproportionation-products increased with the lengths of the linear substrates. Cyc- 

lodextrins were produced from maltotriose and mahopentaose, but not from mal- 

tose. The cyclodextrins were substrates in the absence of acceptors. The cyclodex- 

trin transformation started without the formation of detectable amounts of linear 

transfer-products. The cyclodextrin composition of long-term digests was nearly 

the same with all the cyclic substrates, cycloheptaamylose being the main cyclic 

compound. The linear carbohydrate was uniformly distributed from maltose up to 

at least maltononaose. The enzyme from Bacillus maceruns was the least active, 

but long-term digests yielded results comparable to those obtained with the enzyme 

from Klebsiella pneumoniae M 5 al. 

INTRODUCTION 

Although interest in the cyclodextrins has increased during the last two dec- 

adeslp3. precise knowledge of the reaction mechanisms and the protein chemistry 

of the cyclodextrin glycosyhransferases {CGT. (l-+4)-a-D-ghrcan:[( l-4)-(Y-D- 

glucopyranosylltransferase (cyclising). EC 2.4.1.19) was hitherto incomplete. The 

reversible (l-+4)-a-D-glucopyranosyl transfer-reactions characteristic of these en- 

zymes, involving cyclisation, coupling, and disproportionation, are well 
known”-” As shown for the CGT from Klebsiella pneumoniae M 5 al, maltosac- . . 
&rides having chain lengths of l&80 D-glucopyranosyl residues are necessary for 
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maximum cvclisation rate\. indicating a dependence on the heltcal conformation ot 

the substrate-’ n. n-n-~ilucopvrant~s~. maltosacchantfe~. It- t:r /3-v-glucc~- 

pyranosides. and some other sugars can serve J< acceptors tor- the coupling reac- 

tion. Once formed. the linear chains ,irc homologiscd. (‘hains of sufticlcnt length 

are substrates for cvclisatton. Cvcllsation and c~isproportlcln:ltt~lll oicur 4irnultanc 

c>usly with all the substratr. 4 asssavcd. i‘c~llhl.nllnL! thr CliW relatliul~tlit~ h:tu ccl1 tt1r L 

reactikjns I (1 

Detailed study of the reaction mechanisms has been hampered h); a lack ot 

suitable assay methods. WC now describe the quantitative snalcsis by h.p.1.c. of the 

transfer products formed from some linear and cyclic suhstr:ites tlb CY;T frorn 

Klebsirllu p17c11w10171ue M 5 al and from Bucil1u.r tnawrmz s. 

lMarrriul.s. -- C‘GT from Kkh.sirlln ~~nc~~~7r0~if~t~ hl 5 al was iwlaied from the 

culture flltrate of ccmtinuously grown bacteria. and purified xi previously de- 

scribed” IJ. CGT from Racrllr~s m~ctl’n?r,\ was a gift from Prolessor Szejtli 

(Budapest, Hungary). Glucoamylasc I( I -4),( 1~6)-CU-I)-gluean:gluc~hydrc)lase, 

EC 3.2.1.3; A.spergiflu.\ rzigrr; Id Ii!mg of protein] and the ~-glu~o~e tc”\t-kit ~33D- 

Perid were obtained from Boehringer. Maltose (far- hiochkical purposes) was 

purchased from Merck. maltotriose was prepared” ” from pullulan digested with 

pullulanase [pullulan:( I--th)-glucanohydrolase, EC 3.2. l.Al]. :md maltopentaose 

from cyclohcKaam~losc-malt~~s~ digests with CG’T‘“~” The 17lLtltosaccharides were 

purified by preparative h.p.1.c. ‘The cyclodextrins wcrc isolated tn-rm itarch digests 

withCGT.a d ” n purrhed as described”. All other substances were’ commercial ma- 

terials of the highest purltv available. 

Anrrlyricd methods -- Total carbohydrates were determined with an- 

throne’“-“‘, and reducing aldehyde groups with the Nelson reagent”‘. Average 

chain-lengths were calculated’! as the ratios of total carbohydrate to the reducing 

carbohydrate. both in glucose equivalents. Protein was determlncd bv the biuret 

method”. and glucose with t>-glucose oxida&-‘. 

H.p.1.c. was performed on Waters /1.Bondapak-NH, column\ (3.9 Y 3O(l 

mm). using acetonitrile-water t65:35) at 1 5 mL,:min (I,100 p.5.1 . 75”), with re- 

fractomrtric detection; 30 pl_ of each digest was injected. The c~~rhohydratc con- 

tents ot the elution peaks were calculated bv planimetry. and c:ilibratcd with G,- 

G, (glUCoSe-maltopcnta~,se) iInd &,,<CJ~ (cyclohexa-. Cydohepi;i-, anti cyckmcta- 

amylose). The h.p.1.c. mclhod allowed the detection” ot champ up to G,,. and 

cG,,xG, were eluted together with Ci4--G,. ‘I’hc amounts of <;,. (iii ;+nd G,, were 

calculated from those of the neighbouring shorter and longer chains. The cyclodeu- 

trin digests contained equal amounts of G7. Cj3. and C;+,,. it could bc cypected. 

therefore. that GA--Ci, would be of the same order. For control purposes. the car- 

bohydrates of the h.p.1.c. peaks of cG,-G, and cGr-G, were collected. and, after 

ev-aporation of the acetonltnle and addition ot SO PL, of 3t)m\r acctatc buffer (pM 

5.3). they were digested with glucoamylase (ccl, and CC;, arc not \uhstratex for the 

fungal enzyme”). The resulting glucose value% agreed well with those calculated 

for the non-cychc compounds from the h.p.1.c. data. 4ccordlngl~. the amounts of 
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cyclodextrins could be calculated from the differences of total peak carbohydrate 

and the linear-chain carbohydrate. The digests of G2-Gs contained decreasing 

amounts of chains G2-G12. A plot of the area of carbohydrate peaks versus chain 

lengths indicated the cyclodextrins eluted together with Gh--G,. 

Performance of the digests. - Each I-mL sample of the substrate solution in 

lOmM Tris-HCI buffer (pH 7.2 for the CGT from Klebsielfu pneumoniue M 5 al) or 

in lOmM acetate buffer (pH 5.4, for the CGT from Bacilhrs maceruns). containing 

5mM CaCl,, was incubated with 50 pug (for the CGT from Klebsiellu pneumoniue) 
and 80 pg (for the CGT from Bacillus maceruns) of protein at 30” for 40 h. The ini- 

tial substrate concentrations (water-free carbohydrate) were 90 (Gz), 60 (G,), 30 

(G,). and 25mM (cG,-cGs). For h.p.1.c. analysis , 20 PL of the digests were with- 

drawn at intervals. 

RESULTS AND DISCUSSION 

The specific activities of the CGTs from Klebsiellu pnertmoniae M 5 al and 

Bacillus mucerans. determined by the Kitahata methodZh and by the optical assay 

for the initial cyclisation rate*‘, are summarised in Table I. The enzyme from Bucil- 
fus maceruns was the least active. Inhibition by iodine’* was unlikely, because the 

(I-+!)-a-D-ghIcopyranosyl chains (lower activity) contained less iodine than the 

glycogen (higher activity). As calculated from published dataiJ,*‘.“‘. the molar 

catalytic activities (cyclisation reaction. starch, 30”) are 247 katimol for the CGT 

from Bucilfus muceruns (mol. wt. 145,000, dimeric). and 183.6 kat/mol for the CGT 

from Klebsielfu pneumoniae M 5 al (mol. wt. 68,000, monomeric). Accordingly, 

the Bacillus muceruns enzyme used for the present studie$’ differed from those de- 

TABLE I 

SPECIFICA~IVITIESOFTHECGTFROM Klebsiellapneumomae M5 al ANDFROM Bacillus macerans DETER- 
MINEDBYTHEKITAHATAMETHODz6, ANDTHE0PT1CA1.ASSAYF0RTHElN1T1ALCYCLlSAT10NRATE"" 

Assay CGTfrom 

K. pneumomae B macerans 

(Ulmg of protein) 

Kitahata 1611 560 (34.7b) 

htial cycluation rate 
Glycogen 126 32 8 (26.3) 

(l&4)-a-D-Glucopyranosyl 
chains (chain length, 16) 260 24.7 (9.5) 

‘The assays were performed in Tris-HCl buffer (pH 7.2. Klebsiella pneumoniae CGT), and in acetate 
buffer (pH 5.4, Bacillus macerans CGT). both containing 5mM CaC12. “Percent of activity determined 

for the Klebsiella pneumoniae CGT. 
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Fig. 2 Molar distribution of linear chams after mcubatlon of G: (30 h, Al). Gj (20 h. B?-), and Gj (20 
h. B3) with the CGT from k’lebszlk pneumon~ M 5 al and Btrc~[l~o ,nucerans See Experimental for 

the calculatron of the chain concentrations. 

TABLE II 

YIELDS OF CYCIIC TRAusFER-PRODUCTS FROM SOME LINtAR AND CYCLIC SUHSTRATES R\ THE. CCTFROM 

Klebslella prrrumonlae M 5 al’ 

Substrure” Tfme 

(30”) 

(h) 

Total cGhxG,xG~ iwo1ur nffl0 
cczrhohdrctie (mmoilmolo~ cG,.c~G,.cG~ 
(‘;;)’ srrhsfrutr)’ 

G 
G5 
c’& 
G 
cc7 

G 
cG, + Gin 

cG, t G:! 
cGB t Gz 

20 
20 
15 
30 
40 
30 
70 

30 
20 

7.6 19 3,14.-1.- - 
31 110.Y7.17 1:0.88:0.15 

7S.Y 305.38H.77 1.1.89:037 
JO.5 144.184.31 1: 1 3:0.22 

58.7 lXti.344.4X 1.1 85,026 
h3 5 229.307.X 1:1.8:0.33 
41.2 14U,l99,3h 1 .d.J’:Q.X 
41 lih.3Sh,30 1: 1 88:0.22 

48 4 140.26?,38 1: I .88:0.27 

‘71ie digests were performed in IOmlil Trts-HC1 buffer ($17.2. contalnln~ Sm%t CaC12). The concantra- 
tlon of the CGT was 50 pg of protelniml. “The uutlal concentrattons of substrate were hO (GA). 30 (GF). 
and 25mM (cyclodcxtrins). ‘The amounts of cyclic compounds were determined by quantitative h.p.1.c 
“‘The acceptor ~Ol~~~nt~ti~~l was IOmltl. 
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TABLE Ill 

(Klebsiella pneumoniae CGT) and 8.26% (Bacillus macerans CGT) ot the substrate 

was cyclised (Tables II and III). 

Recausc of the larger size of the \uhstrate, and the higher probahilit? of 

longer disyroportionati~~n-products. more cyclodextrins should l-w produced wrth 

maltopentaosc ( G_5). Indeed, 3 I? of the suhstratc was cvclised after incubation for 
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20 h, and the amounts of longer chains (up to at least G,,) were larger than those 

formed with the smaller substrates (Table II, Fig. 2B). 

Trunsfer products from cyclodextrins. - Although the coupling reaction with 

cyclohexaamylose (cGJ and suitable acceptors was studiedx, it is questionable 

whether the cyclodextrins are attacked in the absence of acceptors”‘. They proved 

to be substrates for the CGT from Klebsiella pneumoniae M 5 al and Bacillus mace- 
runs when sufficiently high concentrations of enzyme were used. The susceptibility 

to enzymic attack decreased in the order cG6<cGx<cG~. 
Coupling reactions with excess of the substrate cG6 and very low concentra- 

tions of acceptor yielded chains long enough to stain blue with iodine, and to re- 

trograde from solution’. The amounts of such long chains decrease with increase in 

enzyme concentration”. Accordingly, the enzyme:substrate ratio determines 

whether or not amylose-like chains are formed. Using high concentrations of 

enzyme, retrograding material could not be detected in the cyclodextrin digests. 

The transfer products shown by h.p.1.c. amounted to 90-9S% of total carbohydrate 

(Figs. 4-6, Tables II and III). 

Part of cGh, for example, can be transformed into cG, during coupling and 

successive disproportionation reaction?. This transformation requires, by dis- 

proportionation, the synthesis of chains long enough for cyclisation. However, dis- 

proportionation yields a broad spectrum of chains having different lengths. As 

shown for cG, and CC,, the cyclodextrin transformation started without the forma- 

tion of detectable amounts of linear chains (Figs. 3B and 5B). Even after incuba- 

tion for 20 h, the concentrations of maltosaccharides were very low (Fig. 4C). 
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Fig. 4. H.p.1.c. of the transfer products obtaIned after incubation (30”) for 3 h (B), 20 h (C), 30 h (D), 

and 40 H (E) of cG8 (A) with the CGT from Kkbsiella pneumoniao M 5 al: 20 PL of each digest was 
injected (see ExperImental). 
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Generally, (l&d)-a-D-glucopyranosyl transfer is initiated by the cleavage of 

a glucosidic bond in a chain at the substrate-binding site of the CGT. The part of 

the substrate containing the non-reducing end is transferred VU HO-1 to HO-4 of 

an acceptor bound to the acceptor-binding site’. The cyclisation reaction is only a 

special type of this disproportionation, with the non-reducing chain end of one 

chain serving as the acceptor. Accordingly, the substrate for cyclisation must be 

bound to both the substrate- and the acceptor-binding sites of the enzyme. For the 

reverse reaction, a cyclodextrin molecule must be bound to the substrate-binding 

site. and the resulting linear chain may be transferred to the acceptor-binding site. 

thus serving as acceptor for a successive coupling-reaction. If, for example, cG8 or 

cG, were present at the substrate-binding site and the resulting linear chain was 

transferred to the acceptor-binding site, coupling with another cGs or cG, would 

yield enzyme-bound Glh or G,,, which are substrates for cyclisation. Thus, the 

linear product must not be released from the enzyme. 

The (I&=‘!)-cu-D-glucopyranosyl transfer-reactions catalysed by the CGT are 

reversible. Equilibrium constants for the cyclodextrins”“. however, cannot be de- 

termined precisely, because the concentration of chains long enough for cyclisation 

alters continually: 75.9% of total carbohydrate was present as cyclic compounds 

after incubation for 1.5 h with cG6 (Fig. 6A. Table II). After incubation for 30 h. 

the amount of cyclodextrins decreased to 40.5% of the total carbohydrate at the ex- 

pense of shorter chains (Fig. 6B. Table II). The composition of the mixture of 

transfer products was similar to that of the digests with the cyclodextrins plus added 

acceptor (Table II). Evidently. there was no defined reaction-equilibrium, because 

both coupling and disproportionation occurred. If there is an equilibrium of the 

I 
G 123$;78 9 10 11 12 13 1L cG 

-Time 

FIN. 7. H p.1.c. of the transfer products ohtamed after incuhatlon (30”) fur 40 h of cG, with the CGT 
from Bacillus macerans; 20 PL of the digest was mjccted (see Experimental), The composition of the 
digests with cG,and cGx was nearly Identical. 
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cyclisation reaction betHccn chains >G14 and the cychrde~trin~. then the mrrecis 

in shorter chains must influcncc the equdihrium. 
Because of its lower susceptibility to enzymic attack, cGTI was the main cyc- 

lodextrin formed from all the cyclic substrates (Tables II and III). Genrrully. the 

amounts of linear products increased with the time of incubation (Fig. NA. tune* 
1 and 2); the average chain-length of the maltosaccharides was 3.~1.1 The distri- 

bution of linear carbohydrates was uniform and, except for ~-glucose. similar 

amounts (by weight) were obtained from maltose up to at leabt maltononaose. 

The analyst* of the long-term digcats with the CC; 1 from H~rc~rll~~ mwrtm 
yielded similar results (Fqs. 7 and XR. Tahlc 111). NO merhcd Jilferrnccbs c\lstcd 
between the digests Mith di,,. CL and cCi,. 

This research was supported by grants from the DcutNchc 
Forschungsgemeinwhaft (Be 7X9/2. Re 7XY.G). and Dr. A Stadlct-Snikc 1% 

thanked for the pcrformancc of the cnlymic a~ys. 
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